A r t i c l e s
Many bacterial and archaeal genomes encode clustered, regularly interspaced, short palindromic repeats (CRISPRs), which are transcribed and processed into short RNAs that guide CRISPR-associated (Cas) proteins to cleave foreign nucleic acids [1] [2] [3] [4] [5] . To target particular genomic loci in eukaryotic cells, the type II CRISPR-Cas system from Streptococcus pyogenes has been adapted so that it requires the nuclease Cas9 and one sgRNA [6] [7] [8] [9] . The first ~20 nucleotides of the sgRNA (the guide region) are complementary to the target DNA site, which also needs to contain a sequence called the protospacer adjacent motif (PAM), typically NGG 10 .
The simplicity of targeting any locus with a single protein and a programmable sgRNA has quickly led to widespread use of Cas9 (refs. 11,12) in applications such as genome editing 7, 8, [13] [14] [15] [16] , disease gene repair 17, 18 and knock-in of specific tags 8, 19 . The catalytically inactive dCas9 (containing D10A and H840A mutations) alone or when fused to activators or repressors has been used to modulate transcription [20] [21] [22] [23] [24] [25] , and dCas9 has also been fused to GFP to allow imaging of genomic loci in living cells 26 .
However, the mechanism of target recognition and target specificity of the Cas9 protein remains poorly understood 8, 9, 24, [27] [28] [29] [30] [31] [32] . Most previous studies have analyzed a set of candidate off-target sites with up to five mismatches to the designed on-target site. These studies have examined in vitro cleavage, cleavage-induced indels or reporter gene expression change as the read-out, rather than direct binding 9, 24, 27, 32 . Base pairing in the first 10-12 nucleotides adjacent to PAM (defined as the 'seed') was found to be generally more important than pairing in the rest of the guide region 6, 8, 16, 33 . However, large variations were observed across target sites, cell types and species regarding the importance of base pairing at each position 28 . Some studies have shown that Cas9 is highly specific 21, 30, 31 , whereas other studies have demonstrated substantial Cas9 off-target activity 9, 24, 27, 29, 32 . Epigenetic features such as CpG methylation and chromatin accessibility have been reported to have little effect on targeting 9, 23 .
To our knowledge, there has been no previous report of genomewide binding maps of dCas9. Using chromatin immunoprecipitation followed by sequencing (ChIP-seq) for dCas9 binding in mESCs, our data reveal a well-defined seed region for target binding and a very large number of off-target binding sites, most of which do not seem to undergo substantial cleavage by Cas9. Our observations explain some of the previously observed heterogeneity, provide insights into target recognition and the cleavage process, and could guide future target design.
RESULTS

Genome-wide binding of dCas9-sgRNA
To map dCas9 in vivo binding sites, we generated mESCs with a stably integrated vector encoding hemagglutinin (HA)-tagged dCas9 (Fig. 1a) , and performed ChIP-seq on cells transfected with either no sgRNA or one of four sgRNAs (Phc1-sg1, Phc1-sg2, Nanog-sg2 and Nanog-sg3) targeting the promoters of Phc1 or Nanog, respectively. Bacterial type II CRISPR-Cas9 systems have been widely adapted for RNA-guided genome editing and transcription regulation in eukaryotic cells, yet their in vivo target specificity is poorly understood. Here we mapped genome-wide binding sites of a catalytically inactive Cas9 (dCas9) from Streptococcus pyogenes loaded with single guide RNAs (sgRNAs) in mouse embryonic stem cells (mESCs). Each of the four sgRNAs we tested targets dCas9 to between tens and thousands of genomic sites, frequently characterized by a 5-nucleotide seed region in the sgRNA and an NGG protospacer adjacent motif (PAM). Chromatin inaccessibility decreases dCas9 binding to other sites with matching seed sequences; thus 70% of off-target sites are associated with genes. Targeted sequencing of 295 dCas9 binding sites in mESCs transfected with catalytically active Cas9 identified only one site mutated above background levels. We propose a two-state model for Cas9 binding and cleavage, in which a seed match triggers binding but extensive pairing with target DNA is required for cleavage. 
A r t i c l e s
For each sgRNA, we observed ~100-fold enrichment for dCas9 at the on-target site compared to flanking regions, and the spatial resolution is sufficient to distinguish between two binding sites separated by 22 base pairs (bp) (Nanog-sg2 and Nanog-sg3) (Fig. 1b) .
Using the standard ChIP-seq peak-calling procedure MACS 34 and comparing immunoprecipitated material to input (whole-cell extract) DNA, we identified 2,000 to 20,000 peaks in each sequencing library (Supplementary Fig. 1a ). The library from cells expressing dCas9 but not transfected with sgRNAs (dCas9-only ChIP) had 2,115 peaks. Most (77%) of the peaks detected in the dCas9-only ChIP were also detected in libraries prepared from dCas9-sgRNA immunoprecipitations (Supplementary Fig. 1b) . The peaks in the dCas9-only ChIP were enriched in open chromatin regions (Supplementary Fig. 2a) , and 41% contained GG/CC-rich motifs that closely resemble CTCF binding motifs (Supplementary Fig. 2b-d) . These dCas9-only ChIP peaks could either represent 'sampling' by dCas9 of accessible sites containing NGG 33 or transcription-dependent artifacts as previously reported for GFP ChIP in yeast 35 .
To identify sgRNA-dependent dCas9 binding sites, we matched sequencing depth by randomly sampling an equal number of reads from all six libraries (including input) and then performed pair-wise peak calling with MACS using each of the other five libraries as the control; we retained only peaks that were enriched over all the other five libraries (Fig. 1c) . Using this approach, only three peaks were specific for dCas9-only ChIP. The number of sgRNA-specific peaks varied substantially; for example, there were nearly 6,000 peaks for Nanog-sg3 but only 26 peaks for Nanog-sg2 (Fig. 1c) . Many of the off-target peaks showed high binding levels, as defined by the peak height relative to on-target peaks after subtracting dCas9-only reads at that site. For example, there were 91 off-target peaks with more than 50% of the binding level of the on-target site for Nanog-sg3 (Supplementary Table 1 ). These results suggest that there are substantial numbers of off-target binding sites, and the majority of the dCas9-sgRNA complexes bind outside the designed target site.
A 5-nucleotide seed for dCas9 binding Sequence motifs enriched within 50 bp of peak summits were identified using MEME-ChIP 36 . The top motif found for each ChIP library matched the PAM-proximal region of the transfected sgRNA plus the PAM NGG ( Fig. 2a and Supplementary Fig. 3 ). For three of the four sgRNAs, only PAM-proximal positions 1 to 5 in the target DNA showed a preference of base match to the guide (Fig. 2a) . We therefore define positions 1-5 as the 'seed' region of the sgRNA. For Nanog-sg2, the guide match extends to about 10-12 bases to the 5′ end, possibly due to the presence of multiple U's in the seed that lowers the thermodynamic stability of the sgRNA-DNA interaction. For Nanog-sg3 and Phc1-sg2, an exact match to the 5-nucleotide seed followed by NGG (seed+NGG) within 50 bp of peak summits explained 96% and 97% of the peaks, respectively. When the 50 nucleotides flanking peak summits were shuffled, preserving dinucleotide frequency, ≤5.7% of the shuffled sequences contained seed+NGG (Fig. 2a) for all four sgRNAs. Moreover, the seed+NGG sequences were highly enriched at the center of the peak (Fig. 2a, right) , suggesting these sequences are directly bound by sgRNA-guided dCas9.
We found that seed+NGG is sufficient for Cas9 binding in vivo and in vitro. For example, there were 92 peaks in the Nanog-sg3 sample containing only seed+NGG matches, that is, mismatches at all the other 15 positions. The strongest peak containing only seed+NGG showed 52% binding activity relative to the on-target site (Fig. 2b) . In vitro gel shift assays confirmed specific binding to seed+NGG-only substrates but with lower affinity than to the on-target site (Fig. 2c,d) .
The peak motif analysis ( Supplementary Fig. 3 ) revealed no enrichment of binding at seed sites followed by NAG, an alternative PAM previously reported to function in Cas9-mediated cleavage 9, 16, 27 . For example, of all 996 (33%) Phc1-sg1 ChIP peaks without seed+NGG sites, only 18 had seed+NAG within 50 bp of the peak summit, which is no more than expected by chance ( Supplementary Fig. 4 ). ChIP-seq in human HEK293FT cells transfected with dCas9 and the same sgRNAs used in a previous study 9 in which NAG cleavage was reported, also did not detect binding at those NAG off-target sites ( Supplementary Fig. 5 ).
In vitro we observed a more than tenfold decrease in affinity when NGG was mutated to NAG in the on-target substrate ( Supplementary  Fig. 6 , and see Supplementary Table 2 for substrate sequences). Our in vivo and in vitro binding data are consistent with previous in vitro cleavage data showing that NAG or other variants rarely function as PAMs under enzyme-limiting conditions 27 .
Chromatin accessibility is a major determinant of binding There are hundreds of thousands of seed+NGG sites in the genome for each sgRNA-for example, 621,651 for Nanog-sg3. To understand why only a small fraction of sites (<1%) were bound, we first looked for a correlation between the number of base matches to the 20-nucleotide guide region and the binding levels of ChIP peaks. Overall, the correlation was very weak (Pearson correlation coefficient r = 0.03, 0.12, 0.15 and 0.55 for Nanog-sg3, Phc1-sg2, Phc1-sg1 and Nanog-sg2, respectively ( Fig. 3a and Supplementary Fig. 7) .
We next applied a linear regression model of a set of sequence (mono-and di-nucleotide frequency), structural (melting temperature, DNA energy and flexibility 37 ) and epigenetic (chromatin accessibility as assayed by DNase I hypersensitivity (DHS) 38 and DNA CpG methylation 39 ) features around the seed+NGG sites for each sgRNA (Online Methods). We found that chromatin accessibility (DHS) is the strongest indicator of binding in vivo, explaining up to 19% of the variation in binding when considering all individual seed+NGG sites A r t i c l e s in the genome (Fig. 3b) . The difference in the number of seed+NGG sites in DHS peaks (i.e., accessible seed+NGG sites) explained 92% of the variation in the number of dCas9 peaks among the four sgRNAs (Fig. 3c , n = 4, P < 0.05, F-test). Although this is based on a limited set of sgRNAs, it suggests that it might be possible to predict the approximate number of off-target peaks based on the seed sequence in cell types where chromatin accessibility data are available. Previous data suggested that Cas9 cleavage activity is not affected by DNA CpG methylation 9 . However, for the 17% of seed+NGG sites in the genome that contain CpG dinucleotides within the 20-mer guide match and NGG, CpG methylation became the strongest predictor of dCas9 binding and negatively correlated with binding ( Fig. 3d and Supplementary Fig. 8a,b) . In a regression model, adding CpG methylation to DHS for sites containing CpGs almost doubled the amount of variation explained (Supplementary Fig. 8c ). Our data suggest that CpG methylation likely reflects an aspect of chromatin accessibility not fully captured by DHS or that, when combined with extensive mismatches, CpG methylation may impede binding.
The correlation with chromatin accessibility suggested that dCas9 offtarget binding might preferentially occur at active genes. For Nanog-sg3, 70% of the off-target sites were associated with genes, including 18% in promoter regions (<2 kb upstream of the gene transcription start site), 6% near enhancer regions and 46% within genes (Fig. 3e) . For example, an off-target peak that co-localized with the Dusp19 gene transcription start site and a DHS peak showed 74% binding relative to the on-target site although it had only 7 base matches to Nanog-sg3 (Fig. 3f) .
Seed sequences influence sgRNA abundance and specificity The Nanog-sg2 sgRNA had substantially fewer off-target binding sites than predicted by accessible seed+NGG sites (Fig. 3c) . Although the The sequences with best match to the sgRNA followed by NGG within 50 bp of peak summits were aligned to generate the sequence logo using WebLogo 46 . The text to the right of the logos indicates the total number of peaks (top line), percentage and number of peaks with exact 5-nucleotide seed+NGG match within 50 bp of peak summits (middle line, in red), or when the 100-nucleotide sequences were shuffled while maintaining dinucleotide frequency (bottom line). The distribution of the exact seed+NGG match relative to the peak summit was shown on the right (the numbers indicate nucleotide positions). (b) Example of binding at seed+NGG-only sites. On the top are six tracks: input, dCas9-only immunoprecipitation and Nanog-sg3 immunoprecipitation read density, seed+NGG sites (position indicated by bars, named as A/B/C, and the numbers to the left indicates the number of matches to the guide), DNase I hypersensitivity read density (DHS) and percent of methylated alleles at CpG sites. Below are the target sequences, PAM, number of matches to the sgRNA and relative binding at each site. Guide-matched bases are in red. Genomic coordinates are based on UCSC mm9 genome. (c) Gel shift assay for 50-bp doublestranded DNA substrates with sequences matching the Nanog-sg3 on-target site ("Full+NGG") and a seed+NGG only off-target site ("Seed+NGG", site B in Fig. 2b ). "PAM-only" is the "Seed+NGG" substrate with a mutated seed. The negative control substrate ("Control") was designed to contain no NGG or NAG. Complete substrate sequences are shown at the bottom, with PAM underlined and guide-matched bases in red. same amount of sgRNA plasmids were transfected, the abundance of Nanog-sg2 was more than sevenfold lower than the other three sgRNAs as determined by northern blot analysis (Fig. 4a) . The same pattern of sgRNA abundance was observed when cells were transfected with sgRNA expression plasmids without co-transfecting dCas9, although all four sgRNAs showed substantially decreased levels of abundance, consistent with previous reports that Cas9 stabilizes sgRNA in cells 13 . To test if sgRNA abundance influences the number of off-target sites bound, we repeated the ChIP experiments after transfection with various amounts of sgRNA plasmids. Northern blot analysis confirmed the decrease in sgRNA when less plasmid was transfected (Fig. 4a) , and we identified fewer peaks with less plasmid (Fig. 4b) . When the level of Nanog-sg3 was reduced to a similar level as that of Nanog-sg2 (Fig. 4a, comparing lane 13 to lanes 16 and 17) , the number of peaks for Nanog-sg3 was still much higher than for Nanog-sg2, presumably due to the presence of more accessible Nanog-sg3 seed+NGG sites in the genome (Fig. 3c) . When 0.02 µg plasmid was transfected, Nanog-sg3 RNA was barely detected (lane 14); the 122 peaks identified in this library showed little overlap (9%) with our previous Nanog-sg3 ChIP, suggesting these were mostly nonspecific signals (data not shown).
A comparison of the seed regions of the four sgRNAs suggested that UUU in the seed of Nanog-sg2 might be responsible for decreased sgRNA abundance and increased specificity, consistent with a recent observation that U in PAM-proximal positions 1-4 leads Guide   U1   sgRNA   5′  5′  5′  5′  5′  5′  5′  5′  5′   3′  3′  3′  3′  3′  3′  3′ A r t i c l e s to low gene-knockout efficacy 14 . Indeed, two mutations (U to G and U to A) in the Nanog-sg2 seed region that converted the seed (GUUUC) to the same sequence as the Phc1-sg2 seed (GGUAC), led to higher levels of sgRNA (sgRNA N2b in Fig. 4c) . Considering the presence of GUUUUA adjacent to the seed and because sgRNAs are transcribed by RNA polymerase III, which is terminated by U-rich sequences 40, 41 , we speculate that, together with the downstream U-rich region, multiple U's in the seed might induce termination of sgRNA transcription. Consistent with this, three sgRNAs with seeds UUAUU, ACUUU and UUUUU also showed very low abundance (Fig. 4c , sgRNA P3, N5 and N6). When GUUUC was placed upstream of the seed (i.e., away from GUUUUA in the sgRNA), the sgRNA was well expressed (sgRNA C4 in Fig. 4c) .
One of 295 off-target sites is mutated above background
To test if dCas9 binding correlates with Cas9 nuclease-induced mutation, we examined the indel frequencies of the four on-target sites and 295 selected off-target sites by targeted PCR and sequencing 9 . These sites were selected to cover a broad range of binding levels and numbers of mismatches to the sgRNA: we ranked all peaks by binding (background-subtracted read counts) and, for each binding level, selected a peak with the fewest mismatches and another peak with most mismatches to the guide.
We determined the indel frequency of the 299 selected binding sites in wild-type mESCs transfected with active Cas9 and each of the four sgRNAs, for three independent biological replicates (Supplementary Table 3 ). The level of Cas9 protein transiently expressed in the cells was 2.6-fold higher than in cells with stably integrated dCas9 used for ChIP ( Supplementary Fig. 9a , comparing lane 1 to lane 8). The same ChIP and peak-calling procedures in cells transiently transfected with dCas9 identified 2.7 times more Nanog-sg3 peaks (16,119 versus 5,957 in dCas9 stable cell lines), including 96% (85) of the 89 peaks selected for indel analysis. The amount of Cas9 or dCas9 plasmids we used for transfection was similar to levels used for genome editing applications by others in the field (Supplementary Fig. 9b ).
Using our previously validated model 9 , the background indel frequencies due to sequencing errors were determined for each individual target using two biological replicates transfected with only Cas9 but no sgRNA (control). Importantly the control samples showed no evidence of targeted mutations by Cas9 (note that background indels in the absence of Cas9 might also occur). We manually reviewed sequencing alignments of all loci with indel frequencies >0.03%. We found that 12-37% of sequencing reads from the on-target sites contained indels. One off-target site, which was from Nanog-sg2, was mutated at a frequency of 0.7% (Fig. 5) . There was no detectable correlation between binding and indel frequency (sites in Fig. 5 are ranked by decreasing binding from left to right for each sgRNA). The selected sites include 7 of the top 10 (including all the top 6) and 36 of the top 50 Nanog-sg3 binding sites with the strongest ChIP signals, and 4 of the 8 Nanog-sg3 off-target binding sites that had fewer than four mismatches to the sgRNA; none of these off-target sites showed cleavage significantly above the background level.
DISCUSSION
We have shown that dCas9 binding is more promiscuous than previously thought. The low binding specificity is explained by the limited requirement for an accessible match to a 5-nucleotide seed followed by an NGG PAM. The position of the seed region next to PAM was consistent with previous observations that base pairing near PAM is critical for targeting 6, 8, 16, 33 , but the seeds we identified for three of the four sgRNAs tested here are shorter than those previously reported; seed lengths of 8-13 nucleotides have been described as required for cleavage by Cas9 (refs. 6, 8, 16, 33) .
The seed sequence influences the specificity of Cas9-sgRNA binding in several ways. First, seed composition determines the frequency of a seed+NGG site in the genome. Second, seed composition determines the likelihood of a seed+NGG site occurring in open chromatin. Third, seed composition affects sgRNA abundance, probably at the level of transcription, and thus the effective concentration of Nanog-sg3 Phc1-sg2 24 .6%
Target sites ranked by binding relative to on-target site Figure 5 Indel frequencies at on-target sites and 295 off-target sites. For each sgRNA, selected target sites (Supplementary npg the Cas9-sgRNA complex. Lastly, seed composition may also affect loading into Cas9 and again tune the level of functional Cas9 (ref. 14) . Through all four mechanisms, U-rich seeds are likely to increase target specificity. Our results suggest that applications based on dCas9 or dCas9-effector fusions, such as transcription modulation, imaging and epigenome editing, could be complicated by substantial off-target binding. Previous studies suggest that several sgRNAs targeting the same gene are frequently necessary for gene activation [22] [23] [24] ; this could potentially reduce off-target effects owing to the requirement of co-targeting. However, the use of multiple sgRNAs increases the number of potential off-target binding sites, which might complicate interpretation. Although we only detected indels at a low frequency (0.7%) above background for one off-target binding site among 295 selected sites, 295 is a small fraction of all possible binding sites and may not be representative of the complete off-target mutation profile of each sgRNA. This is an important consideration as low frequencies of indels could complicate certain CRISPR-Cas9 applications, such as genome-wide screening that involves selective growth 14, 15 . Therefore, to minimize the likelihood of false-positive screening hits resulting from off-targeting, we recommend using multiple-guide RNAs to target each gene and the concordance among multiple guides to interpret screening results. We further note that although binding sites with NAG PAMs are not enriched in the ChIP data, a previous study has shown that NAG-flanked genomic loci can contribute to offtarget indel mutations. Therefore, unbiased and more sensitive detection of genome-wide mutations will be needed to determine Cas9 cutting specificity.
The observation that most of the sites bound by Cas9 do not seem to be cleaved substantially is reminiscent of the eukaryotic Argonaute-microRNA system, in which most target mRNAs bearing partial microRNA matches are bound without cleavage and only a few targets with extensive pairing are cleaved 42 . We propose a two-state model (Fig. 6 ) similar to the Argonaute-microRNA system, in which pairing of a short seed region triggers binding after PAM recognition and subsequent DNA unwinding. In this model, targets with only seed complementarity remain bound by Cas9 without cleavage; only those with extensive pairing undergo efficient cleavage. This suggests a conformation change between binding and cleavage as observed for Argonaute-microRNA complexes 42, 43 . While this paper was under review, a pair of Cas9 structural studies were published 44, 45 , including a crystal structure of dCas9 in complex with sgRNA and target DNA, which not only supports our observation of a PAM-proximal 5-nucleotide seed but also suggests a large conformation change during the inactive-active state transition 45 .
METHODS
Methods and any associated references are available in the online version of the paper. 
